Abstract The aetiology of hallux valgus with regard to stability of the first metatarsocuneiform joint has historically been subject to much debate. Associations between the magnitude of the intermetatarsal angle and the hallux valgus angle have previously been established. Metatarsocuneiform joint coronal plane mobility is necessary for a concomitant increase in both of these angles. Although metatarsocuneiform joint hypermobility has been implicated in the development of a hallux valgus deformity, isolated sagittal plane instability has thus far not been proven to be a definitive cause.
Introduction
The function of the first metatarsocuneiform joint has long been the subject of debate and controversy. The typical axis of motion of the first metatarsocuneiform joint is in a plantarlateral and dorsal-medial plane (Fig. 1) . Early reports focused on metatarsocuneiform joint mobility as a primary cause of hallux valgus deformities [1] [2] [3] . Little objective evidence has been published to support these theories, and recent reports present findings that may refute some of these claims [4] [5] [6] [7] [8] [9] . While coronal plane mobility of the first metatarsocuneiform joint may allow a more substantial hallux valgus deformity to develop, sagittal plane mobility, we believe, is likely the result rather than the cause of this deformity. Morton [10] [11] [12] first suggested that first ray hypermobility is a pathologic entity contributing to a multitude of foot disorders; however, he never associated hypermobility with a hallux valgus deformity. Lapidus, in separate publications [1] [2] [3] , was the first to propose that increased first ray mobility and hallux valgus deformity were associated. He suggested that coronal plane deviation and the development of hallux valgus deformity developed secondarily after a pathologic increase in first ray sagittal mobility. A component of his surgical treatment for hallux valgus deformity included arthrodesis of the first metatarsocuneiform joint for stabilization of the first ray.
Morton and Lapidus had multiple reports supporting these theories, and their work still influences the surgical applications and clinical recommendations for many foot and ankle surgeons today [1] [2] [3] [10] [11] [12] . These early reports used subjective clinical examinations rather than strict objective criteria, and data quantifying the magnitude of pre-surgical and postsurgical first ray hypermobility was not included. Other authors have supported the theories of Morton and Lapidus, but have not objectively quantified the degree of first ray mobility or demonstrated that this mobility is the actual cause of hallux valgus [13] [14] [15] [16] [17] . Furthermore, the notion that this pathologic hypermobility is isolated to the first metatarsocuneiform joint has been hypothetical without evidence quantifying the location or magnitude of this mobility. More recently, some studies have presented compelling evidence to refute Morton's original theories of hypermobility and its effects on hallux valgus [4] [5] [6] [7] [8] [9] 18] . The purpose of this review was to summarize recent publications relating to first ray joint mobility and its role in the development of a hallux valgus deformity.
Laboratory testing
It is important to define whether first ray hypermobility is truly a pathologic entity [10, 12] . Furthermore, it would be helpful to determine whether this increased mobility occurs at the first metatarsocuneiform joint, or at other first ray joints, or in combination (first metatarsocuneiform, naviculocuneiform, talonavicular joints). Whitaker et al. [19] , in an analysis of the kinematics of six nonpathologic cadaveric feet, reported that the talonavicular, naviculocuneiform, and metatarsocuneiform joints provided more sagittal plane mobility (27.4°) than the tibiotalar joint alone (23.2°). Faber et al. [20] presented their results of a cadaveric study evaluating the contribution of the metatarsocuneiform joint to first ray mobility in the transverse and sagittal planes. They found that the metatarsocuneiform joint contributed 82 % of medial mobility and 57 % of dorsal mobility when compared to the talonavicular and naviculocuneiform joints [20] .
A key premise of Morton's theory was that first ray instability led to increased weight-bearing of the second ray, and therefore, hypertrophy of the second metatarsal cortices [11] . This radiographic finding was listed as evidence of first ray hypermobility and listed as an indication for a first metatarsocuneiform joint arthrodesis during hallux valgus corrective surgery [21, 22] . Grebing et al. [8] studied the reliability of this radiographic sign and found no association between first ray mobility and cortical hypertrophy. They compared a control group with three other groups consisting of patients with interdigital neuromas, hallux valgus, and hallux rigidus, and reported no significant difference in the second metatarsal cortical thickness in any of the subgroups.
In the initial descriptions of first ray mobility [12] , a subjective manual method was used to assess the degree of first ray mobility. The ankle is held in a neutral position and one hand is used to stabilize the lesser metatarsal heads, then the examiner grasps the first metatarsal with his index finger and thumb of the other hand and moves the first metatarsal head in a dorsal/plantar direction while estimating the amount of motion ( Fig. 2a and b) . Common terms used to describe the amount of mobility include a mild, moderate, substantial mobility, or hypermobile [1-3, 10-12, 16, 21, 23] . In Morton's original work, in Lapidus' publications, and in more recent publications on the results of the Lapidus procedure [1-3, 10-12, 14, 21, 23, 24] , pre and postoperative first ray mobility were not quantified. Hypermobility was considered to be a preoperative condition and resolution following a metatarsocuneiform joint arthrodesis was felt to be a validation that the increased first ray mobility emanated from the first metatarsocuneiform joint [1] [2] [3] 23] .
Glasoe [25] tested the reliability of Morton's manual examination for first ray hypermobility with a group of three examiners assessing 15 volunteer subjects. The three examiners, including a surgeon and two physical therapists, compared intra-rater as well as inter-rater reliability. Intra-rater scores overall demonstrated agreement (kappa value of 0.73) from one session to the next when the same clinician examined the same subject on two separate occasions. Inter-rater scores demonstrated poor reliability with no consistency between exam findings when comparing the findings of all three clinicians (K<.0.16). There was no association (r=−0.21) between the physical examiner's ability to grade dorsal mobility and the measure made by a well-validated mechanical device used to evaluate mobility. This led the authors to question the reliability and validity of manual estimates of first ray mobility and the variables of these manual examinations that may alter the parameters of the findings.
In 1994, Klaue et al. [15] developed a hand-held device that could be used to quantify first ray mobility. The device consists of an external caliper attached to an ankle-foot-orthosis. The caliper moves in a plantar and dorsal direction to measure sagittal plane motion [15] (Fig. 3a) . In normal patients, the authors reported dorsal mobility to average 5 mm, while in those with hallux valgus, they observed mobility was greater than 8 mm of sagittal translation [14, 15, 17] . They defined that hypermobility of the first ray was present if there was greater than 8 mm of mobility. While Klaue et al. [15] quantified reproducible values with their device, the device did not selectively differentiate the measured mobility at the metatarsocuneiform joint from the other joints along the medial column. The Klaue device was subsequently validated by Jones et al. [9] using cadaveric limbs to compare stress radiographs with sagittal plane measurements. Glasoe et al. [26] later developed and validated another device which could be used to measure first ray mobility more precisely (Fig. 3b) . This device applied a controlled force to the first ray which sought to eliminate some of the variables that occurred while using the Klaue device [27] .
Even with devices designed to quantify first ray mobility, studies have questioned the ability of an examiner to isolate first ray mobility to the metatarsocuneiform joint; upon careful review of these methods one can observe on radiographs that naviculocuneiform or talonavicular motion may also contribute to the overall first ray mobility [6, 9, 19, 20] . Klaue et al. [15] suggested an association between first ray hypermobility and hallux valgus, but a causal nature was not established. They hypothesized that first ray mobility stemmed from the first metatarsocuneiform joint and recommended a first metatarsocuneiform joint arthrodesis to correct the hallux valgus deformity and stabilize the first ray.
Clinical trials
Multiple articles have attributed hallux valgus to increased mobility at the metatarsocuneiform joint without any objective data [14-16, 21, 23, 28, 29] . In those articles, the indication for a first metatarsocuneiform joint arthrodesis was a hallux valgus deformity with increased first ray mobility. Coughlin et al. [4] studied the effect of first metatarsophalangeal (MTP) joint arthrodesis for the treatment of severe idiopathic hallux valgus deformity. Sixteen patients (21 feet) were evaluated at an average of eight years of follow-up. The average correction of the 1-2 intermetatarsal angle was 6° (Fig. 4) . Using the Klaue device, average postoperative sagittal translation measured 4 mm. No patients exhibited generalized ligamentous activity or increased first ray mobility. Two additional studies evaluating first MTP joint arthrodesis reported decreases of 8.2°and 5.6°in the 1-2 intermetatarsal angle while sparing the metatarsocuneiform joint from surgery [30] [31] [32] . Grimes and Coughlin [22] studied the effect of first MTP joint arthrodesis as a treatment of recurrent hallux valgus deformity. At an average follow-up of eight years, only two of 29 patients (7 %) demonstrated increased first ray mobility postoperatively. Both of these patients demonstrated generalized ligamentous laxity, but maintained excellent correction and reported high satisfaction scores at final follow-up.
Kim et al. [18] observed a significant postoperative decrease in first ray dorsiflexion mobility in hallux valgus patients treated with metatarsocuneiform joint sparing procedures. They evaluated 82 patients treated with a proximal metatarsal chevron osteotomy and distal soft tissue procedure and reported dorsoplantar mobility decreased from 6.8 mm to 3.2 mm at one year follow-up. Coughlin and Shurnas [7] investigated mobility of the first ray in men after a distal soft tissue procedure and proximal first metatarsal osteotomy, a procedure that spared the first metatarsocuneiform joint. The investigation began prior to the development of the Klaue device, and therefore, preoperative first ray mobility measurements were not recorded. Nevertheless, at six years follow-up, the mean first ray mobility was measured to be 4.9 mm, a value within the arbitrary-defined normal first ray mobility of less than 9 mm. Evaluation of mobility in the contralateral nonoperative first ray demonstrated first ray mobility of 5.6 mm.
Coughlin et al. [5] further studied the effects of a distal-soft tissue procedure with a proximal first metatarsal osteotomy and its effect on first ray mobility in a large group of adult patients (127 feet). In this prospective study with an average 27-month follow-up, they reported a reduction in first ray mobility from 7.2 to 4.5 mm. In concordance with other reports, there was an association between the magnitude of first ray sagittal plane mobility and coronal plane deformity. However, this mobility was consistently diminished to a normal level following realignment procedures sparing the first metatarsocuneiform joint. The authors acknowledged that coronal mobility of the first metatarsocuneiform joint is necessary for the development of a hallux valgus deformity, yet re-establishment of the first ray alignment dramatically diminished the increased sagittal mobility. This led them to conclude that increased sagittal mobility was the result rather than the cause of the deformity. The question that remained for the authors was whether the significantly reduced mobility of the first ray was decreased at the time of surgery or over the ensuing two-year period of time prior to the final evaluation. Using cadaver specimens [6], Coughlin et al. then performed the identical surgical procedure (originally performed in the clinical prospective study) and compared pre-surgical and immediate post-surgical mobility of the first ray using the Klaue device. They reported a decrease in sagittal plane motion from 11.0 mm to 5.2 mm and demonstrated a relationship between the magnitude of pre-operative hallux valgus deformity and first ray mobility. This supported the notion that this mobility could be diminished with a surgical procedure sparing the metatarsocuneiform joint by realignment of the first ray. The authors suggested that the increased mobility was secondary to the hallux valgus deformity rather than the cause of the deformity.
Soft tissue alignment
Rush et al. [33] used a metatarsal jig to evaluate the 1-2 intermetatarsal angle and first ray mobility. They demonstrated that increased first ray stability could be obtained by decreasing the 1-2 intermetatarsal angle. The authors attributed this to improved alignment of the hallux, sesamoids, and metatarsal, and therefore, more appropriate orientation of the plantar fascia and windlass mechanism. Sarrafian [34] also acknowledged the plantar aponeurosis as a critical component of first ray stability (Fig. 5a and b) .
Grebing and Coughlin [35] evaluated the plantar fascia as it relates to first ray mobility and how first ray mobility is (Figs. 6a, b, and c) . The authors quantified first ray motion in reference to variable ankle positions in a group of normal patients, a group of patients with untreated moderate to severe hallux valgus, a group who had undergone a successful metatarsophalangeal joint arthrodesis for hallux valgus, and a group of patients who had previously undergone a plantar fasciectomy for plantar fibromatosis. With the ankle in neutral position, the first ray motion averaged 4.9 mm for the control group, 7.0 mm for the hallux valgus group, 4.4 mm for the MTP fusion group, and 7.7 mm for the plantar fasciectomy group. There was a significant decrease in motion with ankle dorsiflexion in all four groups and a significant increase in motion with ankle plantar flexion in all groups except the fasciectomy group. The authors concluded that the plantar fascia is a key stabilizer of the first ray. Based on these observations, we believe that alignment confers stability, rather than instability leads to malalignment.
Conclusion
The etiology of hallux valgus with regard to stability of the first metatarsocuneiform joint has historically been subject to much debate. Associations between the magnitude of the intermetatarsal angle and the hallux valgus angle have previously been established [5, 36] . We believe that metatarsocuneiform joint coronal plane mobility is necessary for a concomitant increase in both of these angles. Although metatarsocuneiform joint hypermobility has been implicated in the development of a hallux valgus deformity, isolated sagittal plane instability has thus far not been proven to be a definitive cause. Likewise, it has not been proven that first ray "hypermobility" is itself a pathologic entity. Van Beek and Greisberg [37] recently noted that we must first define the measures of mobility and then apply them to large populations before the notion of hypermobility is properly defined.
Multiple reports confirm that distal realignment procedures sparing the metatarsocuneiform joint will lead to a reduction of first ray mobility [4] [5] [6] [7] 18] . The mobility of the first ray relies on more than just static restraints, and soft tissue alignment plays an important role. As a hallux valgus deformity develops, the dynamic restraints, including the plantar aponeurosis, sesamoids, and intrinsic musculature become compromised and malaligned [33, 34] . While the metatarsocuneiform joint is critical to the development of hallux valgus, it is for different reasons than those envisioned by Lapidus [1] [2] [3] and others [15, 21, 28, 38] . These historical theories were based on unreliable methods by which to quantify mobility. Metatarsocuneiform joint mobility may be necessary for a hallux valgus deformity to develop; however, "hypermobility" may not be the cause but rather the result of a hallux valgus deformity.
